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ABSTRACT
In mammalian spermatocytes, cell division cycle protein 2
(CDC2)/cyclin B1 and the chaperone heat shock protein A2
(HSPA2) are required for the G2!M transition in prophase I.
Here, we demonstrate that in primary spermatocytes, linker
histone chaperone testis/embryo form of nuclear autoantigenic
sperm protein (tNASP) binds the heat shock protein HSPA2,
which localizes on the synaptonemal complex of spermatocytes.
Significantly, the tNASP-HSPA2 complex binds linker histones
and CDC2, forming a larger complex. We demonstrate that
increasing amounts of tNASP favor tNASP-HSPA2-CDC2 com-
plex formation. Binding of linker histones to tNASP significantly
increases HSPA2 ATPase activity and the capacity of tNASP to
bind HSPA2 and CDC2, precluding CDC2/cyclin B1 complex
formation and, consequently, decreasing CDC2/cyclin B1 kinase
activity. Linker histone binding to NASP controls the ability of
HSPA2 to activate CDC2 for CDC2/cyclin B1 complex
formation; therefore, tNASP’s role is to provide the functional
link between linker histones and cell cycle progression during
meiosis.
CDC2/cyclin B1, cell cycle, HSPA2, linker histones, meiosis,
NASP, spermatogenesis, synamptonemal complex, testis
INTRODUCTION
During male meiosis, the synapsed homologous chromo-
somes undergo extensive nucleosome remodeling when a
testis-specific ‘‘histone code’’ is generated, combining both
non-tissue-specific histone variants and testis-specific members
[1]. In pachytene spermatocytes, histone variant H3.3 is
incorporated into sex chromosome nucleosomes, and the
testis-specific linker histone variant HIST1H1T (also known
as H1T) is incorporated throughout the chromosomes [2]. As
the synapsed chromosomes reorganize, they require the
chaperones associated with nucleosome remodeling and DNA
repair events [3], eventually signaling the cell cycle program to
indicate the completion of these tasks. Signals to the cell cycle
program are generally known as meiotic recombination or
pachytene checkpoints (CHKs) that link the repair of double-
strand DNA breaks through a series of kinase activation
pathways to cyclin-dependent kinases (CDKs) [4, 5]. In yeast,
Wee1 and Mik1 kinases inhibit cell division cycle protein 2
(CDC2; also known as CDK1) activation by phosphorylation
of tyrosine 15, and Mek1 (CHK2) kinase promotes inhibition
by phosphorylation of CDC25 [5]. In mammals, CDC2/cyclin
B1 kinase activity in pachytene spermatocytes is required for
the G2!M transition in prophase I [6, 7]. The G2!M
transition also requires cyclin A, which may partner with
CDK1 or CDK2 during meiosis [8–10]. Furthermore, the
formation of DNA double-strand breaks (DSBs) that occur at
the beginning of meiotic recombination induces cyclin A1/
CDK2 activation, which has downstream effects on XRCC6
(also known as Ku70) [11], a DNA repair protein that can
regulate the choice of repair pathways [12]. Concomitantly
with DSBs, pachytene spermatocytes require CDK2 for the
proper formation of the synaptonemal complex [13], which has
as one of the components of its lateral elements a testis
chaperone, heat shock protein A2 (HSPA2) [14]. HSPA2 is
necessary for the activation of CDC2 (CDK1) to form the
active CDC2/cyclin B1 complex [14–17], and as such it may
provide a link between the synapsed chromosomes and the cell
cycle component CDC2.
Previous studies on the linker histone chaperone, nuclear
autoantigenic sperm protein (NASP), found that NASP
associates with heat shock protein HS90AA1 (also known as
HSP90) in the cytoplasm of mouse germ cells, which facilitates
NASP’s loading of H1 histones for transport to the nucleus
[18]. Inside the nucleus, NASP has been reported in the
chromatin assembly factor 1, subunit A (CHAF1A; also known
as CAF-1) multichaperone complex during nucleosome
remodeling [19], and it has been shown to be required for
progression from G1 to S phase [20, 21]. Cells normally
regulate the amount of NASP present in the cell because either
the loss of NASP [21] or the overexpression of NASP [20]
delays progression through the G1/S border, and targeted
mutation of the Nasp gene causes early embryonic lethality
[21]. In addition to being essential for progression through the
G1/S border, NASP is phosphorylated after DNA damage by
irradiation of U2OS cells [22], and it binds to XRCC6/XRCC5
(Ku70/Ku80)/DNA-PK in HeLa cells [23], implying that
NASP is present during DSB repair [24]. Recent in vitro
chromatin reconstitution experiments have demonstrated that
NASP facilitates the incorporation of linker histones onto
nucleosome arrays [25].
In this report, we have extended our study of the
physiological role of the testis/embryo form of nuclear
autoantigenic sperm protein (tNASP) and report that during
the first meiotic division in mouse germ cells, tNASP is
associated with testis HSPA2 and localized on the synaptone-
mal complex. Moreover, linker histone binding to tNASP
increases HSPA2 ATPase activity, subsequently increasing
binding of CDC2 to the H1-tNASP-HSPA2 complex and
concomitantly decreasing the amount of active CDC2/cyclin
B1. Because active CDC2/cyclin B1 complexes are required
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for the G2!M transition during meiosis and H1-tNASP
controls the ATPase activity of HSPA2 and the ability to bind
CDC2, tNASP’s role in the synaptonemal complex may be to
provide the functional link between linker histones and cell
cycle progression during meiosis.
MATERIALS AND METHODS
Materials
All of the chemicals and reagents used in this study were of molecular
biology grade. The restriction enzymes were purchased from Roche Applied
Science (Indianapolis, IN). Purification of plasmid DNA and PCR products was
carried out using QIAprep Miniprep and QIAquick PCR purification kits
(Qiagen, Valencia, CA), and sequencing was performed at the University of
North Carolina at Chapel Hill automated sequencing facility. Mouse
monoclonal anti-CDC2 antibody (sc-54), rabbit polyclonal anti-CDC2 antibody
(sc-954), and rabbit polyclonal anti-cyclin B1 antibody (H-433) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Rabbit polyclonal anti-
HSPA2 antibody was a gift from Dr. E.M. Eddy (Laboratory of Reproductive
and Developmental Toxicology, National Institute of Environmental Health
Sciences, National Institutes of Health, Research Triangle Park, NC). Rabbit
antiserum to full-length recombinant mouse tNASP (AAB87567) and goat
antiserum to full-length human tNASP (AAH10105) were custom made by
Bethyl Laboratories (Montgomery, TX). Mouse monoclonal Penta-His
Antibody was purchased from Qiagen.
Construction of Expression Vectors
The entire coding sequence of mouse Nasp (nucleotides 92-2406; GenBank
accession number AF034610) was amplified from mouse testis Quick-clone
cDNA (Clontech, Palo Alto, CA) as described previously [20]. The entire
coding sequences of mouse Hspa2 (nucleotides 1-1902; GenBank accession
number M20567), mouse histone Hist1h1t (also known as H1t; nucleotides 56-
682; GenBank accession number NM_010377), mouse histone Hist1h1a (also
known as H1a; nucleotides 50-688; GenBank accession number NM_030609),
and mouse Cdc2a (nucleotides 25-918; GenBank accession number M38724)
were amplified from mouse testis Quick-clone cDNA (Clontech), cloned into
pEXP5-CT/TOPO vector (Invitrogen, Carlsbad, CA), expressed in BL21-AI
cells (Invitrogen), and purified using Ni-NTA Agarose (Qiagen).
Affinity Chromatography
Affinity chromatography was carried out with the recombinant CDC2 or
tNASP proteins coupled to Aminolink Plus Coupling Gel (Pierce, Rockford,
IL). After the remaining binding sites were blocked by primary amine-
containing buffer, proteins of interest, lysates, or their combinations were
mixed with tNASP-coupled beads or CDC2-coupled beads and incubated.
After extensive washing, the gel with coupled proteins was boiled in
nonreducing SDS containing sample buffer, separated by SDS-PAGE, blotted,
and probed with the appropriate antibody. Amount of bound proteins was
calculated from background-subtracted images using TL100 software (Non-
linear Dynamics, Newcastle Upon Tyne, U.K.).
Immunoprecipitation
Lysates or protein mixtures were cleared by incubation with 15 ll of
UltraLink Immobilized Protein A/G (Pierce). Precipitations were carried out
with mouse monoclonal anti-CDC2 antibody, mouse monoclonal anti-histone
H1 antibody, rabbit polyclonal anti-cyclin B1 antibody, affinity-purified goat
polyclonal anti-tNASP antibody, or mouse monoclonal anti-5His antibody.
Aliquots of precleared lysates were incubated with antibody for 1 h at 48C with
constant shaking. Antibody-antigen complexes were collected by 15 ll of Ultra
Link Immobilized Protein A/G (Pierce) and eluted by boiling in reducing (b-
mercaptoethanol) SDS-PAGE sample buffer. Samples were separated in 10%–
20% SDS-polyacrylamide gels (Bio-Rad Laboratories, Richmond, CA) by
electrophoresis.
Spermatogenic Cells, Testis Lysate, and Testicular Tissue
Germ cells from male mice (60–80 days after birth) were isolated,
separated, and briefly cultured as described previously [26]. Decapsulated
mouse testes were subjected to sequential action of collagenase and trypsin.
Intercellular connections were disrupted by intense pipetting. After the cell
mixture was filtered through the 80-lm mesh, the cells were grown in plastic
flasks for 16–18 h to allow Sertoli cells to adhere to the dish and be selectively
discarded as the germ cells were harvested. This procedure resulted in a mixed
germ cell population. All experiments on mice conformed to the relevant
regulatory standards approved by the University of North Carolina at Chapel
Hill Institutional Animal Care and Use Committee. Testis lysate was obtained
from decapsulated mouse testes using an electric Tissue-Tearor (BioSpec
Products, Bartlesville, OK) with extraction in T-PER Tissue Protein Extraction
Reagent (Pierce). For histological study, mouse testes were fixed in Bouin
solution, paraffin embedded, and stained with anti-tNASP antibody or control
antibody absorbed with antigen as described previously [27].
Surface-Spread Meiotic Nuclei Preparation
A mixed mouse germ cell population, obtained as described above, was
washed twice with minimum essential medium, and long-tipped glass pipettes
were used to draw small drops of cell suspension and place them on the surface
of a 0.5% solution of NaCl in distilled water [28]. The spread cells were
collected by touching the surface with poly-L-lysine-coated slides and fixed in
0.4% paraformaldehyde (0.5 mM borate buffer, pH 8.2, containing 0.03% SDS)
for 4 min, followed by a 5-min incubation in a 0.5 mg/ml solution of sodium
borohydride in distilled water. After washing twice in 50 mM Tris buffer (pH
7.6), slides were washed with 0.05% Triton X-100 (90 sec), washed in PBS
twice, and incubated in primary antibody for 1 h and secondary antibody for 1
h. To detect tNASP and HSPA2 simultaneously, chromosome spreads were
first stained with goat anti-NASP antibody and secondary donkey anti-goat
IgG-Alexa Fluor 568 (Molecular Probes, Eugene, OR), fixed a second time in
paraformaldehyde 6 min [29], and after thorough washing in PBS, samples
were stained with primary anti-HSPA2 antibody and with secondary goat anti-
rabbit immunoglobulin G (IgG)-AlexaFluor 488 (Molecular Probes, Eugene,
OR) antibody. Staining with 40,60-diamidino-2-phenylindole (1:40 000) was
employed for DNA detection. Slides were covered with Prolong Gold Antifade
reagent (Invitrogen, Eugene, OR) and examined with a Zeiss fluorescence
microscope. Secondary antibody controls, included in all experiments, were
negative (data not shown).
Preparation of Nuclear Fraction of Mouse
Spermatogenic Cells
Harvested mouse spermatogenic cells were washed in PBS, followed by
washes in Earle Balanced Salt Solution, and were resuspended in 10 volumes of
RBS buffer (10 mM Tris-HCl, pH 7.4; 10 mM NaCl; and 3 mM MgCl2) as
described previously [18]. Nuclei were prepared essentially as described
previously [30]. Microscopic examination of the nuclei and Western blotting




The identification of tNASP-binding partners has been described previously
[18, 23]. Mass spectrometry identification was done in the University of North
Carolina at Chapel Hill Proteomics Core Laboratory.
Colorimetric Determination of ATPase Activity (Malachite
Green Assay)
The amount of inorganic phosphate in solution was determined by a
malachite green assay based on the formation of a phosphomolybdate complex
as described previously [31], with some modifications. Typical protein
concentrations were 0.5 lM for HSPA2, CDC2, tNASP, and HIST1H1T.
The reaction was carried out in assay buffer (40 mM HEPES, pH 7.7; and 5
mM MgCl2) containing 125 lM adenosine-5
0-triphosphate disodium salt
(Calbiochem, San Diego, CA), which resulted in an intermediate-level reading
to detect the effect of added proteins on HSPA2 ATPase activity. Proteins to be
tested were mixed and incubated at 378C. Stock solutions of malachite green
(Sigma, St. Louis, MO), polyvinyl alcohol USP (Sigma), ammonium
molybdate (Mallinckrodt, St. Louis, MO), and water were mixed in the ratio
2:1:1:2, and 80 ll was added to 50-ll reaction mixture in the wells of a 96-well
clear-bottom plate. Immediately after adding malachite green reagent, 10 ll of
34% sodium citrate was added to the reaction to prevent nonenzymatic
hydrolysis of ATP in the presence of acidic malachite green reagent, causing an
increase in color. The optical density at 620 nm was measured on the
multimode microplate reader Synergy-2 (BioTech, Winooski, VT). The
intrinsic hydrolysis of ATP (the reading from ATP in the reaction buffer)
was subtracted from the total reading. To compare the results from different








experiments, the opitical density at 620 nm readings were translated into
inorganic phosphate molar concentrations using a phosphate standard curve of
KH2PO4, which was prepared for each experiment. Significance was
determined by the Student t-test.
In Vitro CDC2 Kinase Assay
The CDC2 complexes were immunoprecipitated from the nuclear fraction
of mouse spermatogenic cell lysate or from testis lysate with antiserum to
NASP or antiserum to cyclin B1. UltraLink Immobilized Protein A/G (Pierce)
was added and incubated for 1 h at 48C with rocking. The immunoprecipitate
was collected by centrifugation and washed six times in cold immunoprecip-
itation buffer (50 mM Tris, pH 7.5; 150 mM NaCl; 0.1% Nonidet P-40; 1 mM
ethylenediaminetetraacetic acid, pH 8.0; 1 mM PMSF; 10 mg/ml soybean
trypsin inhibitor; 10 lg/ml leupeptin; and 10 lg/ml aprotinin) and three times in
kinase assay buffer (50 mM Hepes, pH 7.5; 10 mM MgCl2; 80 mM a-
glycerophosphate, pH 7.3; 20 mM ethylene glycol tetraacetic acid; 1 mM
dithiothreitol; and 10 mM ATP [17]). Histone H1 kinase activity of CDC2 was
assayed in the kinase assay buffer (50 ll) with the addition of 10 ll of inhibitor
cocktail (20 mM protein kinase C inhibitor peptide, 2 mM protein kinase A
inhibitor peptide, and 2 mM Compound R24571, which inhibits kinases except
CDC2/cyclin B1; Upstate, Lake Placid, NY), calf thymus histone H1 (50 lg per
reaction; Calbiochem) and ATP c-32P (0.1 mCi/ml; MP Biomedicals, Irvine,
CA). The reactions were incubated at 308C for 30 min. Samples were separated
by SDS-PAGE and stained with Coomassie blue. Radioactive bands were
detected in a PhosphorImager Storm-860 (Molecular Dynamics, Piscataway,
NJ). To determine the effect of NASP and histone HIST1H1T/HIST1H1A on
the kinase activity of the CDC2-cyclin B1 complex, mouse testis lysate was
incubated 30 min at room temperature with added recombinant mouse tNASP
(2 lM) or mouse histone HIST1H1T (6 lM) or a combination of both proteins.
A separate identical experiment was conducted for recombinant mouse
HIST1H1A. The cyclin B1 complexes were immunoprecipitated with
antiserum to cyclin B1 and assayed as described above.
RESULTS
tNASP first appears at the leptotene/zygotene stage of
primary spermatocytes, as described during spermatogenesis in
the rabbit almost 20 yr ago by Welch and O’Rand (see figure 1
in Welch and O’Rand [32]). Similarly, in the mouse, tNASP is
first detected by antibody staining in the nuclei of leptotene/
zygotene spermatocytes, and tNASP staining continues to
increase in intensity in pachytene spermatocytes. Figure 1, A
and B, shows seminiferous tubules in stages VI and IX,
respectively, demonstrating tNASP in leptotene, pachytene,
and spermatid stages. Spermatogonia (G) and Sertoli cells (S)
do not stain for tNASP. Figure 1C shows a stage XII tubule
with diplotene and M-phase spermatocytes and the apparent
FIG. 1. Localization of tNASP in mouse
seminiferous tubules and on meiotic chro-
mosomes. A and B) Sections through
tubules at stage VI (A) and stage IX (B) show
tNASP in leptotene, pachytene, and sper-
matid stages. Spermatogonia (G) and Sertoli
cells (S) do not stain for tNASP. C) A stage
XII tubule with diplotene and M-phase
spermatocytes proceeding through meiosis
to become secondary spermatocytes (SS).
Round spermatids (RS) and pachytene sper-
matocytes (PS) can be seen staining for
tNASP in adjacent tubules. D) Higher-
magnification image of a seminiferous
tubule shows tNASP localized in round
spermatid nuclei (RS) and on chromatin in
pachytene spermatocytes (arrows). Sertoli
cell (S) and spermatogonia (G) nuclei are
negative. Control staining with anti-NASP
antibody absorbed with antigen was nega-
tive (data not shown). E–G) Surface-spread
meiotic chromosomes demonstrate the lo-
calization of tNASP and HSPA2 in mouse
primary spermatocytes. E) Staining for
tNASP. F) Staining for HSPA2. G) Double
staining for tNASP and HSPA2 on chromo-
somal spreads of mouse spermatogenic
cells. Yellow/orange staining demonstrates
the colocalization of tNASP and HSPA2.
Bars ¼ 20 lm (A–C) and 10 lm (D–G).








exclusion of tNASP staining from the condensed chromatin of
cells proceeding through meiosis to become secondary
spermatocytes (SS). Round spermatids (RS) and pachytene
spermatocytes (PS) can be seen staining for tNASP in adjacent
tubules. At higher magnification in Figure 1D, spermatogonia
(G) and Sertoli cells (S) clearly do not stain for tNASP,
whereas round spermatids (RS) are intensely stained. In
pachytene spermatocytes, tNASP can be seen associated with
the chromatin in the nuclei (Fig. 1D, arrows). Examination of
mouse chromosome spreads confirms the observation that
tNASP is present on the chromatin of primary spermatocytes,
along the lengths of all the synaptonemal complexes (Fig. 1E).
NASP’s binding partners, HSP90 and H1 linker histones,
including the testis-specific linker histone HIST1H1T, have
been previously identified in affinity chromatography and 3,30-
dithiobis sulfosuccinimidylpropionate cross-linking studies by
mass spectrometry of protein spots after 2-dimensional SDS-
PAGE [18, 23]. In this study, we have identified testis-specific
heat shock protein 70 (HSPA2) as an additional tNASP-
binding partner in the mouse testis by immunoprecipitation
TABLE 1. Identification of protein spots.
Spot Protein name Database accession IDa Mascot fingerprint scoreb Peptide countc
1 Nuclear autoantigenic sperm protein O35499 949 35
2 dnaK-type molecular chaperone HSPA2 AAA37859 343 21
3 Actin alpha, cardiac A54728 454 14
4 Histone H1, testicular S43434 166 7
5 THO complex subunit 4 (Transcriptional coactivator Aly/REF) THOC4 226 8
5 L-lactate dehydrogenase (EC 1.1.1.27) chain X DEMSLC 179 11
5 Histone H1, testicular S43434 120 9
a For the protein sequence search this ID at http://www.ncbi.nlm.nih.gov; all identified proteins are mouse.
b Score of quality of the peptide mass fingerprint match; scores of 62 or greater are considered significant (P , 0.05).
c Number of peptides that match the theoretical digest of the primary protein identified.
FIG. 2. tNASP-HSPA2 binding in the
nuclear fraction of mouse spermatogenic
cells. A) Lanes 1 and 2: HSPA2-5His was
added to a mouse germ cell nuclear fraction
and immunoprecipitated (IP) with anti-5His
antibody. Both recombinant HSPA2 (lane 1)
and endogenous (nonrecombinant) tNASP
(lane 2) were precipitated. In control (lane
3) without anti-5His antibody, neither
HSPA2 nor tNASP was immunoprecipitated.
Lanes 4 and 5: tNASP-5His was added to a
mouse germ cell nuclear fraction and
immunoprecipitated with anti-5His anti-
body. Both recombinant tNASP (lane 4) and
endogenous (nonrecombinant) HSPA2 (lane
5) were precipitated. In control (lane 6)
without anti-5His antibody, neither HSPA2
nor tNASP was immunoprecipitated. B)
Immunoprecipitation of CDC2 (lane 1),
HSPA2 (lane 2), and tNASP (lane 3) from the
nuclear fraction of mouse spermatogenic
cells by anti-CDC2 antibody. Control im-
munoprecipitation with normal mouse IgG
demonstrated that CDC2, tNASP, and
HSPA2 (lane 4) did not bind nonspecifically.
C) Affinity chromatography with Aminolink-
coupled recombinant tNASP bound re-
combinant HSPA2 (lane 1) but not recom-
binant CDC2 (lane 2). When HSPA2 and
CDC2 were preincubated before addition to
the tNASP affinity column, the complex was
bound and eluted (lane 3). Control affinity
chromatography with Aminolink-coupled
bovine serum albumin demonstrated that
recombinant HSPA2 (lane 4) and recombi-
nant CDC2 (lane 5) did not bind nonspe-
cifically to Aminolink. D) Anti-CDC2
antibody immunoprecipitates recombinant
HSPA2 premixed with recombinant CDC2
(lane 1); however, it does not immunopre-
cipitate recombinant tNASP premixed with
recombinant CDC2 (lane 2). The control
(lane 3) shows that anti-CDC2 does not
immunoprecipitate recombinant HSPA2.








with anti-NASP antibody and mass spectrometry of protein
spots after SDS-PAGE (Supplemental Fig. S1, available online
at www.biolreprod.org, and Table 1).
Figure 1F demonstrates that HSPA2 is localized on the
lateral elements of the synaptonemal complex during prophase
of the first meiotic division in mouse chromosome spreads, as
reported previously [14, 33]. Double staining for tNASP and
HSPA2 on the chromosomal spreads of mouse spermatogenic
cells demonstrates that tNASP and HSPA2 colocalize (Fig.
1G). Therefore, we conclude from these initial observations
that HSPA2 and tNASP may be bound together on the
synaptonemal complex in primary spermatocytes. The crucial
role of HSPA2 in the regulation of the meiotic cell cycle in
mouse spermatogenesis [17] led us to undertake further studies
on the tNASP-HSPA2 complex.
Association of tNASP with HSPA2 and CDC2
Using histidine-tagged (5His) recombinant proteins to
facilitate purification, we added recombinant histidine-tagged
HSPA2 (HSPA2-5His; 1 lM) to the nuclear fraction of mouse
germ cells and found that endogenous tNASP (nonrecombi-
nant) is immunoprecipitated by anti-histidine tag antibodies
(anti-5His; Fig. 2A, lanes 1 and 2). Similarly, endogenous
HSPA2 present in the nuclear fraction of mouse germ cells is
immunoprecipitated by anti-5His antibodies when recombinant
tNASP-5His is added (1 lM) to the nuclear fraction (Fig. 2A,
lanes 4 and 5). Control immunoprecipitations without added
5His antibody demonstrated that NASP and HSPA2 do not
bind nonspecifically to protein A/G (Fig. 2A, lanes 3 and 6).
HSPA2 binds CDC2 in mouse spermatogenic cells, and the
binding interaction has been characterized as necessary for
CDC2 kinase activation in mouse testes [14–16]. Therefore, we
asked whether or not CDC2 is associated with tNASP and
HSPA2 in mouse germ cells. Immunoprecipitation from the
germ cell nuclear fraction with anti-CDC2 antibodies precip-
itated CDC2, HSPA2, and tNASP (Fig. 2B, lanes 1–3). A
control immunoprecipitation with normal mouse IgG (Santa
Cruz Biotechnology) demonstrated that CDC2, HSPA2, and
tNASP did not bind nonspecifically (Fig. 2B, lane 4). From
these results, we conclude that tNASP and HSPA2 are binding
partners in the nuclear fraction of mouse germ cells, and that
CDC2 is present in the complex.
To confirm the interactions found in nuclear lysates, in vitro
experiments were carried out. Affinity chromatography with
Aminolink-coupled recombinant tNASP demonstrated that
recombinant HSPA2 binds to recombinant tNASP (Fig. 2C,
lane 1); however, recombinant CDC2 does not (Fig. 2C, lane
2). When HSPA2 and CDC2 recombinant proteins were
preincubated together and then applied to the tNASP affinity
column, both proteins were eluted (Fig. 2C, lane 3). A control
FIG. 3. A) The presence of increasing amounts of tNASP decreases
binding between CDC2 and cyclin B1 in nuclear fractions from mouse
spermatogenic cells. Eluates from a CDC2 affinity column loaded with a
nuclear fraction from mouse spermatogenic cells only (lane 1) or a nuclear
fraction preincubated with increasing amounts of recombinant tNASP at 5
lM (lane 2), 10 lM (lane 3), and 25 lM (lane 4) show a decrease in cyclin
B1 binding. The control using affinity beads without CDC2 cross-linked
shows no cyclin B1 binding (lane 5). B and C) PhosphorImager detection
of 32P-labeled histone indicating that CDC2/cyclin B1 kinase activity
decreases in the presence of tNASP and H1 histones. B) tNASP (lane 2),
HIST1H1T (lane 3), or tNASP þ HIST1H1T (lane 4) was added to mouse
testis lysates, and CDC2/cyclin B1 complexes were immunoprecipitated
using anti-cyclin B1 antibody. After immunoprecipitation, the kinase
3
activity was determined as a measure of the presence of 32P-labeled
histone. The control (lane 1) consisted of a testis lysate alone. *Significant
differences in the kinase activity: control vs. tNASP (P , 0.01); control vs.
tNASP-HIST1H1T (P , 0.003); and tNASP vs. tNASP-HIST1H1T (P ,
0.03). Data are represented as mean 6 SD. C) Experiments identical to B
were performed using histone HIST1H1A instead of HIST1H1T. Lane 1:
control (testis lysate alone). tNASP (lane 2), HIST1H1A (lane 3), or tNASP
þ HIST1H1A (lane 4) was added to mouse testis lysates, and CDC2/cyclin
B1 complexes were immunoprecipitated using anti-cyclin B1 antibody.
After immunoprecipitation, the kinase activity was determined as a
measure of the presence of 32P-labeled histone. *Significant differences in
the kinase activity: control vs. tNASP (P , 0.02); control vs. tNASP-
HIST1H1A (P , 0.006); and tNASP vs. tNASP-HIST1H1T (P , 0.05). Data
are represented as mean 6 SD.








affinity chromatography with Aminolink-coupled bovine
serum albumin demonstrated that recombinant HSPA2 (Fig.
2C, lane 4) and recombinant CDC2 (Fig. 2C, lane 5) did not
bind nonspecifically. CDC2, HSPA2, and tNASP interaction
was further confirmed by immunoprecipitation with anti-CDC2
antibodies. In the presence of recombinant CDC2, anti-CDC2
antibodies can immunoprecipitate recombinant HSPA2 but not
recombinant tNASP (Fig. 2D, lanes 1 and 2), unless CDC2-
HSPA2 and tNASP are preincubated with each other (data not
shown). Control immunoprecipitation (Fig. 2D, lane 3)
demonstrates that anti-CDC2 antibody does not recognize
HSPA2. Consequently, tNASP and HSPA2 are binding
partners in the nuclear fraction of mouse germ cells, and
CDC2 is bound to HSPA2 in the tNASP-HSPA2 complex;
however, tNASP does not directly bind CDC2 and only
interacts with CDC2 through its binding to HSPA2.
tNASP Competes with Cyclin B1 for CDC2
in Mouse Spermatocytes
Cyclin B1 is the regulatory subunit of CDC2, and together
they act as an M-phase-specific kinase [6]. To determine the
effect of tNASP on the formation of the CDC2/cyclin B1
complex, we added increasing amounts of recombinant tNASP
to the nuclear fraction of mouse spermatogenic cells, incubated
the fraction with Aminolink-coupled CDC2, and eluted the
column. In controls in which no tNASP was added to the
nuclear lysate, abundant cyclin B1 bound to the column (Fig.
3A, lane 1). Increasing amounts of recombinant tNASP
significantly decreased the amount of cyclin B1 bound to
CDC2 (Fig. 3A, lanes 2–4). Immunoprecipitation with control
Aminolink Plus Coupling Gel (no CDC2 bound) did not show
any nonspecific cyclin B1 binding to the column (Fig. 3A, lane
5). Additionally, when recombinant tNASP was added to
mouse testis lysates, followed by immunoprecipitation with
anti-cyclin B1, the CDC2/cyclin B1 kinase activity was
significantly lower in tNASP-treated samples compared with
untreated controls (Fig. 3, B and C, lanes 1 and 2). When a
mixture of tNASP and histone HIST1H1T (Fig. 3B, lane 4) or
tNASP and histone HIST1H1A (Fig. 3C, lane 4) was added to
the lysate, a further significant decrease in kinase activity was
observed. There was no difference between testis-specific
histone HIST1H1T and histone HIST1H1A modulation of
CDC2/cyclin B1 activity. Adding only histone HIST1H1T
(Fig. 3B, lane 3) or histone HIST1H1A (Fig. 3C, lane 3) did
not affect CDC2/cyclin B1 kinase activity in the testis lysate.
FIG. 4. A) Immunoprecipitation (IP) from
the nuclear fraction of mouse spermato-
genic cells with anti-NASP antibody pre-
cipitated tNASP (I, lane 1), and
coimmunoprecipitated HSPA2 (I, lane 2)
and CDC2 (II, lane 1) but not cyclin B1 (II,
lane 2). B) Immunoprecipitation from the
nuclear fraction of mouse spermatogenic
cells with anti-cyclin B1 antibody precipi-
tated cyclin B1 (I, lane 1) and CDC2 (I, lane
2) but not HSPA2 (II, lane 1) or tNASP (II,
lane 2). C) PhosphorImager detection of
32P-labeled histone indicating specific ki-
nase activity of CDC2 containing immuno-
precipitates. Immunoprecipitation with
anti-NASP antibody does not have any
kinase activity in the precipitate (lane 1);
however, when the immunoprecipitation is
done with anti-cyclin B1 antibody (lane 2),
a strongly radioactive H1 band demon-
strates specific kinase activity in the pre-
cipitate. Control panel demonstrates equal
amounts of antibodies (IgG) used.








We conclude from these experiments that increasing amounts
of tNASP successfully compete with cyclin B1 for CDC2 and
that tNASP and the tNASP-H1 complex significantly lower
CDC2/cyclin B1 kinase activity in the lysate.
CDC2 Exists in Two Populations: Associated with
tNASP-HSPA2 and with Cyclin B1
If CDC2 cannot simultaneously bind tNASP and cyclin B1,
there must be two populations of CDC2. Accordingly, two
different immunoprecipitations were carried out with anti-
NASP and anti-cyclin B1 antibodies. HSPA2, tNASP, and
CDC2 are all coprecipitated with anti-NASP antibodies (Fig.
4A), whereas only cyclin B1 and CDC2 were precipitated with
anti-cyclin B1 antibodies (Fig. 4B). Assays of the immuno-
precipitated fractions obtained above demonstrated that little or
no kinase activity was detected in CDC2 obtained from the
anti-NASP immunoprecipitates (Fig. 4C, lane 1). Significant
histone H1 kinase activity was only detected in CDC2 obtained
from the anti-cyclin B1 immunoprecipitate (Fig. 4C, lane 1).
Histone HIST1H1T Increases Binding Between tNASP
and HSPA2 and CDC2
One of the NASP’s multiple cellular functions is thought to
be that of an H1 linker histone chaperone, and we asked
whether the testis-specific linker histone, HIST1H1T, could
influence the binding between tNASP and HSPA2 in mouse
spermatogenic cells. In vitro binding analysis demonstrates that
histone HIST1H1T coimmunoprecipitates with tNASP but not
with HSPA2 or CDC2 (Fig. 5A). Immunoprecipitation from
the mouse testis lysate with anti-NASP antibody resulted in
immunoprecipitation of tNASP, HSPA2, and CDC2 (Fig. 5B,
lane 1), and as shown above (Figs. 2 and 4). When increasing
amounts of recombinant HIST1H1T were added (3 and 6 lM),
a significant increase in the amounts of coimmunoprecipitated
HSPA2 and CDC2 occurred, whereas the amount of immuno-
precipitated tNASP did not change significantly (Fig. 5, B,
lanes 2 and 3, and C). We conclude from these experiments
that there is an HIST1H1T-dependent change in stoichiometry
of the tNASP-HSPA2-CDC2 complex, and it leads to increased
HSPA2 and, consequently, CDC2 binding to tNASP.
ATPase Activity of HSPA2 Is Increased
by tNASP-HIST1H1T
Previous studies on tNASP-HSP90 interaction found that
tNASP increased HSP90 ATPase activity [18]. Therefore, we
tested the effect of tNASP on the ATPase activity of HSPA2.
Recombinant mouse HSPA2 displayed negligible ATPase
activity (Fig. 6), and in contrast to tNASP-HSP90 interaction,
recombinant tNASP added to HSPA2 in a 1:1 molar ratio had
no effect on the ATPase activity of HSPA2 (Fig. 6). Addition
of CDC2 or tNASP þ CDC2 to HSPA2 resulted in only slight
increases in HSPA2 ATPase activity (Fig. 6). However, when
tNASP-HIST1H1T þ CDC2 was added to HSPA2 (1:1:1:1
molar ratio), a significant increase in HSPA2 ATPase activity
was observed (Fig. 6). Control experiments with different
combinations of proteins (HSPA2 þ HIST1H1T, tNASP þ
CDC2, tNASP-HIST1H1T) showed only negligible ATPase
activity (Fig. 6). Kinetic analysis of HSPA2-mediated ATP
FIG. 5. HIST1H1T affects the equilibrium of tNASP-HSPA2-CDC2
complex formation. A) Histone HIST1H1T binds to tNASP but not HSPA2
or CDC2 in vitro. Recombinant HIST1H1T was mixed with recombinant
tNASP, HSPA2, CDC2, or HIST1H1T. All lanes were immunoprecipitated
(IP) with anti-H1 antibody and stained with their respective antisera (IP
with anti-H1). In negative controls (Control IP), HIST1H1T was not added
except in the bottom panel (HIST1H1T), where HIST1H1T and a
nonrelevant control antibody (anti-CYR61) were added. B) Increasing
amounts of HIST1H1T were added to mouse testis lysates and tNASP
immunoprecipitated. As HIST1H1T increased, HSPA2 and CDC2
increased: Lane 1: no HIST1H1T was added; lanes 2 and 3: 3 and 6 lM
of recombinant HIST1H1T were added, respectively. C) Analysis of bands
from B demonstrating significant changes (*) in the quantity of
immunoprecipitated HSPA2 and CDC2 in the presence of increasing
3
HIST1H1T. HSPA2: lane 1 vs. lane 2 (P , 0.02), lane 1 vs. lane 3 (P ,
0.006). CDC2: lane 1 vs. lane 2 (P , 0.02), lane 1 vs. lane 3 (P , 0.02).
The y-axis represents arbitrary units. Data are represented as mean 6 SD.








hydrolysis in the presence of tNASP, CDC2, and HIST1H1T in
excess ATP shows that the amount of liberated inorganic
phosphate increases during the first 60 min and reaches a
plateau after that. The maximum amount of inorganic
phosphate liberated constituted approximately the same molar
amount as HSPA2 and tNASP present in the reaction (Fig. 6,
inset).
DISCUSSION
This study has demonstrated that tNASP in the nuclei of
mouse spermatogenic cells binds the testis heat shock protein
HSPA2, and they colocalize on the synaptonemal complexes of
spermatocytes during meiotic prophase I (Fig. 1). HSPA2 was
reported previously to be a component of the lateral elements
of the synaptonemal complex of pachytene spermatocytes [14,
33] and necessary for the activation of CDC2 by cyclin B1 [16,
17]. We have confirmed that HSPA2 and CDC2 coprecipitate
from mouse germ cell nuclei [17] and shown that immuno-
precipitation of either tNASP or HSPA2 resulted in the
coprecipitation of the other component. Although CDC2 does
not bind tNASP, CDC2 coprecipitated with HSPA2 and
tNASP (Fig. 2), indicating that HSPA2 binds tNASP and
CDC2 simultaneously in a complex that is part of the lateral
elements of the synaptonemal complex. The interaction of
linker histones with tNASP changed the stoichiometry of the
tNASP-HSPA2 complex formation in favor of an increased
capacity of tNASP to bind HSPA2 and, consequently, CDC2.
A number of positive and negative regulators of HSP70
ATPase activity have been identified in mammalian cells [34–
36]. Figure 7 presents a hypothetical schematic of HSPA2
chaperone cycle dynamics through tNASP-histone HIST1H1T
binding during meiosis. NASP has at least three tetratricopep-
tide repeats, which are known to bind the EEVD domain of
heat shock proteins, but NASP lacks a typical J domain, which
is essential for J proteins reported as stimulators of HSP70
ATPase activity [38]. However, the absence of a J domain was
reported previously in RESA proteins [39], which are known
stimulators of HSP70 ATPase activity. The chaperone activity
of HSPA2 as well as other HSP70 heat shock proteins is
controlled by their nucleotide-binding domain, which binds
and hydrolyses ATP, inducing conformational changes in the
substrate-binding domain [37, 40]. We found that the ATPase
activity of unstimulated HSPA2 was very low and that activity
increased after binding of CDC2 to HSPA2 (Fig. 6), which was
most likely specific substrate stimulation, as reported previ-
ously for other substrates [41, 42]. Increased binding of CDC2,
FIG. 6. The HIST1H1T-tNASP-HSPA2-
CDC2 complex shows ATPase activity.
ATPase activity of HSPA2 is presented as
moles of inorganic phosphate liberated by 1
mol of HSPA2 after 60 min of incubation at
378C in the presence of the indicated
proteins. Data are represented as mean 6
SD. Inset shows kinetics of HSPA2-mediated
ATP hydrolysis in the presence of tNASP,
CDC2, and HIST1H1T. Graph presents the
moles of inorganic phosphate liberated by 1
mol of HSPA2 during 120 min of incubation
at 378C. Reaction plateau occurs after 60
min of incubation at 378C.
FIG. 7. Regulation of HSPA2 chaperone cycle dynamics by linker
histone-tNASP (modified from Bukau et al. [37] with permission from
Elsevier). The cycle regulation starts with the association of linker histones
with tNASP and the formation of a linker histone-tNASP-HSPA2 complex.
The binding of CDC2 and increased ATP hydrolysis by HSPA2 causes the
‘‘locking in’’ of the substrate (CDC2) and formation of a linker histone-
tNASP-HSPA2-CDC2 complex. The predicted release of CDC2 and ADP
from the complex would mediate formation of active CDC2/cyclin B1
kinase (dotted line) and depend on nucleotide exchange factors, which
are still to be identified.








the reported substrate of HSPA2, was an immediate result of
the binding of ATP by HSPA2. Binding between ATP and
HSPA2 has been reported to open the substrate-binding
domain located on the C terminus [43]. The HSPA2 hydrolysis
of ATP that was demonstrated in our study was triggered by
CDC2 binding (Fig. 6). The binding of the linker histone-
tNASP complex to HSPA2 in the presence of the substrate
CDC2 significantly increased the ATP hydrolysis rate by
HSPA2. The mechanisms by which linker histone-tNASP
stimulates the ATPase activity of HSPA2 remain to be
elucidated.
Upon release from HSPA2, CDC2 gains the ability to
complex with cyclin B1 during meiosis I of mouse spermato-
genesis. It has been reported previously that ADP/ATP
exchange determines the substrate’s association and dissocia-
tion rates from HSP70 [41]. Successful release of substrate
from HSP70 proteins is linked to the discharge of ADP, which
is typically regulated by nucleotide exchange factors (Fig. 7).
In addition to the known nucleotide exchange factors for
HSP70 proteins, GRPE [44] and BAG1 [36, 45], other proteins
have been found to act as nucleotide exchange factors for
HSP70 proteins: yeast proteins Lhs1, Sls1/Sil1, and Fes1, and
mammalian proteins SIL1 (BAP) and HSPBP1 [43]. Different
nucleotide exchange factors are often specific to a single
protein, and a specific one for HSPA2 remains to be
discovered. The coordinated effect of ATPase activity coupled
to substrate binding and stimulation of ADP/ATP exchange is
balanced in vivo and achieved by coregulation of gene
expression [41]. Formation of the complete complex of linker
histone-tNASP-HSPA2-CDC2 significantly activated ATP
hydrolysis by HSPA2 and resulted in increased binding of
CDC2 to HSPA2 in primary spermatocytes. The lack of
dissociation of CDC2 from HSPA2 in our in vitro experiments
indicates that other signals (nucleotide exchange factor?) are
needed to release CDC2 from HSPA2 in its active form [46]. In
the absence of this signal, the presence of only NASP-
HIST1H1T causes activation of the initial part of the HSPA2
chaperone cycle (binding CDC2 to HSPA2) but a subsequent
decline in the number of functionally active CDC2-cyclin B1
complexes.
NASP has been shown to exchange linker histones with
DNA [20], and therefore we speculate that shifting the binding
equilibrium of H1-tNASP toward DNA and away from HSPA2
may release the CDC2 substrate. In HSPA2 knockout mice
[16], CDC2 was not converted to its active form, and no
CDC2/cyclin B1 kinase activity was found. Similarly,
increasing amounts of tNASP inhibit CDC2/cyclin B1 kinase
activity. Therefore, we would expect that the overexpression of
tNASP in the testis would inhibit the progression of meiosis
through the G
2/M border.
In the mammalian testis, tNASP is a chaperone for linker
histones (somatic and HIST1H1T), transporting them from the
cytoplasm to the nucleus [18], where they are bound or
exchanged for an existing linker histone on the DNA [20]. In
pachytene spermatocytes, HIST1H1T, the predominant linker
histone, is exchanged for the somatic H1 histones present in
spermatogonia [47]. HIST1H1T differs from somatic forms in
its secondary DNA-binding site, which lowers its affinity for
DNA and results in a less condensed chromatin structure [48].
Phosphorylation of linker histones by CDKs [49] is thought to
play a critical role in the decondensation of chromatin, and
linker histones may influence promoter access for transcription
factors [50] and nonspecific repression of transcription [51].
Consequently, tNASP’s role in the synaptonemal complex may
be to efficiently link H1 signaling from the chromatin to the
cell cycle signaling complex CDC2/cyclin B1. CDC2 (CDK1)
has been shown to regulate alternative DSB repair pathways in
both G1 and G2 [52], and CDC2/cyclin B1 has been shown to
be required for homologous recombination [53]. In providing
such a signaling link, tNASP may facilitate displacement of
linker histones during homologous recombination and DNA
repair.
In this study, we found that histone HIST1H1T and
HIST1H1A significantly increase tNASP’s binding to
HSPA2-CDC2, and therefore increase the inhibition of
formation of the CDC2/cyclin B1 complexes. In pachytene
spermatocytes, this linker histone-mediated cell cycle inhibi-
tion effect could be required for the cell to complete repair of
DSBs during homologous recombination. Human NASP is
known to be phosphorylated on T464 and S421 as a result of
DNA damage [22], and therefore DSBs during meiotic
recombination may influence tNASP’s ability to bind HSPA2.
We speculate that the signaling pathway from DNA status to
the cell cycle stage may very well include an H1-tNASP
component for fine tuning of the active nucleosome-remodel-
ing processes [25] by CDC2 activity regulation. Linker histone
modulation of DNA replication [54] could be through a
significantly reduced expression of the CDC2 gene [55].
Active CDC2/cyclin B1 complexes (maturation-promoting
factor) are required for the G2!M transition during the
meiotic and mitotic cell cycles [6, 56, 57].
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